Abstract. This paper reviews deposition, integration, and device fabrication of ferroelectric PbZr x Ti 1−x O 3 (PZT) films for applications in microelectromechanical systems. As examples, a piezoelectric ultrasonic micromotor and pyroelectric infrared detector array are presented. A summary of the published data on the piezoelectric properties of PZT thin films is given. The figures of merit for various applications are discussed. Some considerations and results on operation, reliability, and depolarization of PZT thin films are presented.
Introduction
During recent years, the study of microelectromechanical systems (MEMS) has shown significant opportunities for miniaturized mechanical devices based on thin-film materials and silicon technology. In mainstream MEMS technology, materials are restricted to those used in microelectronics in order to profit from materials and processes that are readily available. In addition, the same fabrication facilities are often used for both MEMS and microelectronics, forbidding any application of materials with fast diffusing ions. However, in order to cover the whole range of physical phenomena that are exploitable for sensors and actuators, it is necessary to add a variety of functional materials to the existing base materials.
An important family of functional materials are ferroelectrics or, more generally, polar materials. Their piezoelectricity can be used in sensors, actuators, and transducers; their pyroelectricity is employed in infrared detectors. In this article emphasis is given to lead zirconate titanate (Pb(Zr x Ti 1−x )O 3 or PZT), a solid solution of ferroelectric PbTiO 3 and antiferroelectric PbZrO 3 [1] . As a bulk material, it is plainly the piezoelectric ceramic, and is used in various sensor, actuator, and transducer applications [2] . Its use in MEMS devices was very much delayed by integration difficulties. During recent years much progress has been made in this area. The main impetus for its integration onto silicon was the prospect of non-volatile, radiation-robust memories. While the early work on PZT thin-film actuators [3] still suffered from integration problems, more recently a number of devices have successfully been fabricated and characterized. Among the piezoelectric devices, these include cantilever actuators [4, 5] , probes for atomic force microscopy [6] , ultrasonic micromotors [7, 8] , micropumps [9] , ultrasonic transducers for medical applications [10] , and linear actuators [11] . The PZT solid-solution system also contains compositions with fairly good pyroelectric properties (x < 0.3). For this reason, PZT has also served in establishing the first generation of pyroelectric thin-film sensors. The efforts concentrated mainly on infrared (IR) detector arrays [12] [13] [14] for imaging, security systems, and gas sensor applications.
Thin-film deposition
Most of the existing coating techniques have been investigated for the deposition of PZT. The early work was carried out by means of physical techniques such as ion beam sputtering [15] , rf planar magnetron sputtering [16, 17] or dc magnetron sputtering [18] . Metal-organicchemical vapor deposition (MOCVD) was the first chemical method to follow [19] [20] [21] [22] [23] . Chemical solution deposition (CSD), including sol-gel routes [24, 25] and metal-organicdecomposition [26, 27] , were investigated next, and, finally, pulsed laser deposition (PLD) was also applied [28] [29] [30] . Today there is a clear trend to apply MOCVD or CSD. The conformal coverage of the first is better suited for integrated circuit (IC) production, whereas CSD is the cheapest technique for small-scale production as required in the sensor industry. CSD techniques need post-annealing treatments for the crystallization of the film. All of the other methods allow in situ growth. The main growth phenomena of PZT can be roughly understood in terms of a few key features of the PbO-ZrO 2 -TiO 2 system, independently of the deposition method.
(2) Lead ions or PbO molecules that are not incorporated into the perovskite lattice exhibit high diffusivities and volatility above 500
• C. The PbO vapor pressure above PbO is approximately 100 times larger than above PZT, and amounts to 1.1 Pa at 600
• C [32] . ( 3) The activation energy for nucleation of the perovskite (4.4 eV/unit cell) is considerably larger than for its growth (1.1 eV) [33] .
PZT thin films can be grown at much lower temperatures than the typical sintering temperatures of bulk ceramics. This is due to much smaller diffusion distances needed with thin-film processing techniques, which provide for a homogeneous, stoichiometric mixture on the molecular level. However, second phases compete with the perovskite structure when deviations from stoichiometry cannot be compensated for by local diffusion. The fluorite phase appearing at low temperature mostly in sol-gel deposited films have the formula Pb 2+x Ti 2−x O 7−y and may result from oxygen deficiency at the initial stage of annealing, at which residual hydrocarbon groups have to be volatilized by oxidation. Similar problems arise with the MOCVD. There is a low-temperature limit for pyrolysis and oxidation reactions, which can differ greatly for the different species (PbO, TiO 2 , ZrO 2 ) [34, 35] . Physical methods may allow to grow films below 500
• C. However, the crystallization is not tolerant to lead excess, and the oxygen content does not necessarily adjust to the stoichiometry by oxygen exchange with the gas phase. At high temperatures, the PbTi 3 O 7 pyrochlore structure is common to all methods. The reason for its formation is heavy lead loss. There is also a compositional effect. The activation energies for nucleation and growth increase with Zr content [33] . All of the processes usually work with an excess of lead, in order to compensate for lead loss before perovskite formation. With the in situ deposition techniques, one observes a self-stabilization of the lead content at the stoichiometry above a critical temperature, even for large quantities of excess lead flux. The critical temperature depends on the deposition method and amounts to 700
• C for PbTiO 3 grown by MOCVD [36, 37] , and was found to be lower for sputter deposition (550-600
• C) due to plasma effects [38, 39] . In case of post-annealed films, rapid thermal annealing (RTA) proved to be a good technique to provide a quick formation of the perovskite, thus reducing lead loss [40] . Practically all films applied in devices are presently deposited between 525
• C and 700
• C. Lower deposition temperatures would greatly help to facilitate device fabrication. It seems that some of the coating methods have the potential to lower this temperature. In situ processing clearly offers an advantage for achieving low deposition temperatures. Traces of the perovskite phase can be found down to 200
• C in films deposited by magnetron sputtering [41] . Good pyroelectric thin films of PbTiO 3 are reported to grow at 450
• C by in situ multi-target sputtering, albeit with some traces of a PbO second phase [42] . MOCVD seems to manage such low temperatures on suitable substrates [21] . Activation by photon and electron absorption or other impinging plasma species reduces the thermal activation energies, and thus allows reduction of the process temperature. This was shown by plasma and/or UV assisted processing [43, 44] . Also, bombardment with low-energy oxygen ions was found to be a possible way to improve PZT thin films [45, 46] grown at lower temperatures. Inherent to low-temperature processing is the need for precise lead concentration control, as excess lead does not evaporate. In plasma assisted CVD of PbTiO 3 at 500
• C, the pure perovskite forms precisely at Pb stoichiometry only. Lead deficiency leads to pyrochlore, and lead excess to PbO second phases [47] . For low-temperature growth, the oxygen concentration, or in other words, the Pb valence needs to be tuned, too. This requirement is correlated with the fact that PbO can be oxidized further at temperatures below about 450
• C, yielding Pb 3 O 4 to PbO 2 [48] . The third key feature mentioned above means that the growth is nucleation controlled [49] , i.e. heterogeneous nucleation is preferred over homogeneous nucleation. This is very important for sol-gel deposition techniques, as it allows one to obtain a columnar film microstructure nucleated at the bottom electrode. Nucleation controlled growth also permits one to choose the texture of the film by suitable electrodes with seeding functions [50] [51] [52] or to reduce the deposition temperature [53] . With in situ sputter deposition, (100) nucleation of PbTiO 3 works very well on Pt(111), whereas PZT(100) is more difficult to obtain. However, on a PbTiO 3 {100} template PZT grows as well in (100) [38] . A selectivity of the seeding by platinum (111) is obtained by an additional 2 nm thick, hot-deposited TiO 2 seed layer, which yields the (111) orientation for PZT deposited by in situ sputtering and also by sol-gel deposition [52] (see figure 1 ).
Integration
High-quality PZT films cannot be grown directly on silicon [54] . Buffer layers are needed to prevent interdiffusion and oxidation reactions. For most applications, the PZT film has to be grown on an electrode, which obviously should neither oxidize nor become insulating. The most often reported materials include platinum [55] , and the metal oxides RuO 2 (rutile structure) [56] , SrRuO 3 , and (La,Sr)CoO 3 (LSCO, perovskite structure) [57] . Usually, the chemical barrier function is provided by two or more layers, including the electrode. PZT/Pt/Ti/SiO 2 /Si is the most widely applied sequence, where the Ti is needed as an adhesion layer. In micromechanics, Si 3 N 4 is very often used instead of the thermal oxide. In this case, a Ta adhesion layer has proved to be better than Ti (see figure 2) [7] . The adhesion layers play an important role in the diffusion phenomena that proceeds during processing. Platinum does not inhibit the diffusion of Ti to the PZT side, where it reacts with oxygen and serves as nucleation centers for PZT [58] . Pockets of TiO 2 have also been observed between the Pt grains [59] . There is also evidence that oxygen migrates along the grain boundaries through the platinum film and reacts with the Ti layer [60] . For stable electrodes, the latter has to be preoxidized. A comparative study of Ti, Zr, and Ta adhesion layers showed that the most diffusing species is always the one in the corresponding oxide, i.e., Ti in TiO 2 , O in ZrO 2 and Ta 2 O 5 [59] . Barrier schemes with insulating films, such as SiO 2 and Si 3 N 4 , cannot be applied when a direct electrical contact to a silicon or metal substrate is required. It would be convenient to use, for example, a metal membrane also as a conductor layer to reduce resistive losses in ultrasonic applications. In this case, an additional barrier layer is needed that stops oxygen diffusion without getting too resistive. Possible solutions are nitrides consisting of mixed conductive and insulating compounds such as TiAlN [61] and TaSiN [62] . Such films may resist to oxidation up to about 700
• C. Other possibilities have been identified in combination with RuO 2 and oxide scale forming oxides such as Cr [63] . This combination allowed the growth of PZT on very reactive refractory metals, such as zirconium [64] , without oxidizing the latter.
Device examples

Ultrasonic micromotor
As compared to other techniques, ultrasonic actuation bears various strong points. These are a flat profile (small thickness), and a comparatively high torque at low speeds. Torques of almost 1 µN m at 4 V rms , or 0.3 µN m V −1 rms have been achieved [8] with millimeter-sized rotors and PZT thinfilm stators. This is more than has been demonstrated with electrostatic micromotors (scaled to the same motor size). The low speeds (typically 5 rpm at 2 V rms ) of ultrasonic micromotors obliterates the need for gearboxes. These are very difficult to manufacture in submillimeter dimensions, and tend to reduce the output torque to zero because of unsolved friction problems. In some of the applications such as for wristwatches, the flat profile of ultrasonic micromotors is an additional advantage. Ultrasonic micromotors have indeed some very attractive features for turning the date Hybrid construction of an elastic fin micromotor (from [7] ). The silicon wafer is upside-down, the rotor moves inside the etched cavity. The operation principle of the fins is shown in the inset.
wheel of a wristwatch: flatter profiles than today's motors, high enough torques (1 µN m), and low enough supply voltages for battery operation. The disadvantage of ultrasonic micromotors lies in the fact that the coupling between the stator and the rotor is based on frictional forces, and that there is no constant relation between stator excitation and the output speed, as with a stepper motor. Complicated phenomena of gliding, slipping, and sticking of static as well as dynamic friction may happen. However, most of the problems can be solved with a closed-loop regulation based on angular position detection [65, 66] .
The example given here deals with ultrasonic stators designed for a hybrid version of an 'elastic fin' micromotor, as depicted in figure 3 . The motor type was demonstrated with bulk PZT, and proposed for down scaling by Kurosawa et al [67] . The term 'hybrid' refers to the fabrication principle and means in this case that the rotor was fabricated and assembled to the stator by classical means, and that only the stator was obtained with silicon micromachining techniques. This stator consisted of a silicon frame keeping a thin silicon membrane, which was covered by a PZT thin film. The latter serves to excite standing flexure waves in the membrane. The amplitude of this vibration is proportional to e 31,f U , where U is the applied voltage, independent of the thickness of the piezoelectric thin film. The piezoelectric coefficient e 31,f = e SST 31 is introduced as an effective coefficient by taking care of the fact that the film is free to change its thickness, but clamped in the plane [68] (the ordinary e 31 is defined for clamping in all directions: e SSS 31 , see below). The deflections of the membrane are converted into a rotation by a rectifying rotor, which has tilted elastic legs or fins. This rectification works in principle as follows.
When the membrane moves towards the elastic fins, the latter are compressed and bent. In this phase the fins do not slip because of frictional forces. So the rotor turns in order to release the compression. When the membrane moves away from the fins (decompression) the frictional forces are minimal and the fins glide forward, following the body of the rotor. The 3.5 mm diameter rotor was cut out by laser from a metallic foil. The desired tilt angle of the legs was achieved by molding in a pressing machine. A steel axle of 0.25 mm diameter is clamped into the rotor and centered by a centering wheel resting on spacers. On the top of the . Schematic diagram of the structure and major fabrication steps of the stator with bottom electrode contact, top electrode, and low-dielectric SiO 2 layer (according to [8] ).
axle, a wheel was fixed which serves as a load to increase the friction and the moment of inertia for torque measurements. The normal force between the rotor and the stator was varied with weights on the gear.
The membrane of the stator was obtained by silicon bulk micromachining in hot KOH (see figures 6 and 7 below). A stress compensated bilayer of thermal oxide (SiO 2 ) and LPCVD nitride (Si 3 N 4 ) was applied as masking layer. The first lithographic step consisted in opening this masking layer by dry etching (CF 4 ) for the definition of the membranes. Pt/Ta bottom electrode and PZT deposition followed as the next steps. A sacrificial Au/Cr top electrode pattern serving as an etch stop and a PZT protection coating were deposited and patterned. A silicon dioxide thin film was then deposited by sputtering (see figures 2 and 4). This film reduces the parasitic capacities of the conductor lines and contact pads. The silicon dioxide was patterned with dry etching (CF 4 ) to liberate the top electrode contacts. The sacrificial Au/Cr contacts were needed in this step to avoid deterioration of the PZT surface, i.e. the formation of a low-dielectric fluorinated film. This sacrificial layer was removed and the complete top electrode system, including conductors and pads was deposited.
The electrode system (see figure 5 ) was designed to optimally excite the most effective vibration mode B 10 . This mode exhibits one circular node. The outer ring-shaped maximum was placed to coincide with the fin position. The motor was run with either a single ac supply on the annular electrode, or with two ac voltages having a relative phase shift of 180
• to the annular and central electrodes. With the second version a larger coupling coefficient is achieved.
Stators with 1 µm thick sol-gel deposited PZT 45/55 of (111) orientation have been investigated for various thicknesses (15-100 µm) of the passive silicon part. The piezoelectric coefficient typically amounted to 6 cm −2 for these films. In figure 6 the speed against applied ac voltage is displayed for a PZT and AlN stator. The application of an additional dc bias increases the polarization and the piezoelectric constant, and thus the rotation speed of the motor. There is a threshold voltage of 0.5-1.0 V rms below which there is not enough amplitude to initiate the rotation. Above the threshold, the speed increases linearly with the applied ac voltage, and thus the deflection amplitude. The torque at zero speed saturates at some level, depending on the applied normal force: at 0.4-0.44 µN m with 3-4 V rms and 230 mgf (2.3 mN) normal force; at 0.9 µN m at 4 V rms and 670 mgf (6.7 mN) normal force (see figure 7) . These values are equivalent to the frictional torque [67] for the applied normal force. While it is difficult to describe in detail the transmission of force by the elastic fins, the experiments show a very simple relation between the output power and the stator power. In a wide range of frequency (20-100 kHz), the output power is simply a constant fraction of the stator power. The frequency was varied through thinning down, in steps, the silicon thickness. The output power of the motor was typically measured as 1-2 µW V −1 rms , independently of the silicon thickness. This is for the thinnest membrane (i.e. 15 µm thick silicon) 4×10 −4 times the reactive power delivered to the capacitance, and hence also smaller than the dielectric loss power (tan δ = 0.03). The square of the coupling constant k 2 , which determines the mechanical power in the stator, was determined by calculations to be around 2 × 10 −3 . The transmission efficiency between the stator and the rotor therefore seems to be rather small (20%), and the overall efficiency turned out to be less than 1%.
Infrared detector array
Pyroelectricity is one of the best performing principles for the detection of temperature changes. Bulk crystals and ceramics have therefore been used for many years to fabricate thermal IR detectors. They were, and still are, applied for contactless temperature measurement, security detectors (intruder alarms) and human presence sensors. With respect to semiconductor devices, thermal detectors are competitive in the important wavelength interval from 8-12 µm. Their special attraction lies in the fact that they do not need cooling. Thermal detectors are too slow to be used in IR imaging with scanning mirrors. However, they are fast enough if two-dimensional (2D) arrays can be realized. In this case the read-out rate for each pixel is identical to the frame rate . Surface micromachining techniques combined with the thin-film deposition of pyroelectric thin films allowed the realization of such 2D arrays, in a monolithic way, directly on the read-out chip [13] . In this work, we focus on a simpler structure, a 1 × 64 (or 1 × 50) linear array for an IR spectrometer [70, 71] .
With their small thermal capacity (H ), thin films have a considerable advantage over bulk pyroelectric detectors. The reason is that the response at frequencies above the inverse thermal time constant H/G, where G is the thermal conduction, is proportional to 1/H . However, G must be enough small so that the the inverse thermal time constant is indeed lower or equal to the operation frequency (normally the chopper frequency). For operation at a few tens of hertz, the heat conductivity must be already quite small to achieve this condition. The role of silicon micromachining techniques is thus to provide good a thermal insulation. Silicon is a too good thermal conductor and thus a ceramic membrane was chosen to carry the pyroelectric elements. The membrane consisted of a LPCVD Si 3 N 4 film grown on a thermal oxide (SiO 2 ). The thicknesses were chosen to compensate for the mechanical stresses of these films [72] . As these films were also coated the back side of the double sided polished wafer, they also served as a mask for back-side etching in KOH. The bottom electrode and pyroelectric film (PZT15/85) are deposited by sputtering and sol-gel, respectively. The top electrode is deposited and patterned by a lift-off technique before a quartz layer is sputter deposited for reduction of the parasitic capacity below the contact pads [8] . Windows to access the top electrodes are opened by a CF 4 reactive ion etching. The PZT elements on the membrane part are etched free in a HCl:F solution, leaving only narrow bridges between the elements and the bulk silicon part, as required for separation of bottom and top conductor. The platinum bottom electrode is removed between the elements by electrochemical etching. This etching technique does not attack the membrane material. After deposition and patterning of the conductor lines, pads (Au/Cr), and absorbing layer (see figure 8) , the silicon is removed below the elements by back-side etching, as defined by a window in the back-side nitride layer, in order to obtain the result shown in figures 9 and 10. Inherent to thermal detectors is the need to absorb infrared radiation. A black platinum film was utilized as absorber. Black Pt exhibits a dendritic morphology and grows at some given current densities and concentrations in an electro-chemical bath [73] .
The 0.9 µm thick membrane with a specific conductivity of 2 W m in air and 3000 V W −1 in vacuum. Rather long thermal time constants of 28 ms in air and 104 ms in vacuum were obtained [74] . The much larger heat conduction for the operation in air was due to the heat transfer in air between the membrane and the device socket (0.4 mm distance). At higher frequencies, current measurement is preferred. At 30 Hz, the current response amounted to 15-20 µA W −1 with only small changes as a function of air pressure [74] . The latter is due the fact that above the inverse thermal time constant, the current response is determined by the inverse heat capacity, and no longer by the thermal conductivity.
The smaller elements (0.125 mm 2 ) of the larger arrays showed a smaller voltage response at low frequencies (460 V W −1 ). The current response (16 µA W −1 ) was about the same. The current detection at a 10 Hz chopper frequency was chosen as the operation mode for the gas spectrometer. The IR source was a simple hot filament. The measurement of absorption spectra for CO 2 and CO was demonstrated, see figure 11 . The low-noise equivalent power of 1 nW Hz
allows the detection of a few ppm of CO 2 , provided that the electronics do not increase the noise level [70] .
Piezoelectric coefficients
In most of the structures applied in MEMS, the piezoelectric film is part of a composite structure, i.e. the piezoelectric film is clamped to another elastic body. A rigorous treatment of this problem requires the solution of the equations of state with two piezoelectric and several elastic coefficients. The latter are, however, usually not known precisely. A more pragmatic way is to consider effective piezoelectric coefficients of films clamped to a rigid substrate. d 33,f describes the thickness change as a function of the applied field, i.e. the longitudinal effect; e 31,f is the in-plane stress as a function of the applied field, i.e. the transverse effect. The film is clamped in the film plane (coordinates 1,2). In the offplane direction (coordinate 3), the film is free to move (see Actuators Sensors Figure 12 . Schematic description of the geometry and the working principle of the piezoelectric film applied in actuators and sensors. figure 12 ). This corresponds to a mixed boundary condition. The directly measured piezoelectric coefficients of thin films on substrates are therefore functions of standard piezoelectric coefficients and elastic constants. These effective coefficients are related to the ordinary coefficients by the following relations [68, 77] : e 31,f is determined either by substrate bending (variation of x 1 and x 2 at σ 3 = 0 and E 3 = 0) and collecting the developed charges that are related to the in-plane strains as
or by applying a field and measuring the deflection of the substrate which is governed by the in-plane stresses
Note that e 31,f is always larger than the bulk coefficient e 31 . This originates from the fact that larger piezoelectric stresses can be developed in the transverse directions if the sample is free to move in the longitudinal direction. Most of the potential applications are based on the transverse coefficient e 31,f .
Bending of beams and figure 6 ). The motor speed is proportional to the vibration amplitude, which is proportional to the piezoelectric bending moment, i.e. proportional to e 31,f U . However, when voltages are detected, when the dielectric noise current limits the signal-to-noise ratio, and when the coupling coefficient is important (power consumption, power yield and transducer response), the dielectric constant and the dielectric losses also have to be considered. In these cases, PZT is no longer so brilliant because of its high dielectric constant. AlN and ZnO are more suited for voltage detection (see table 1 ). The coupling coefficient in thin-film composite structures needs to be considered in a different way than in homogeneous bulk materials. The stiffness of the structure usually depends more on the passive part, i.e. silicon, thermal oxide, silicon nitride, etc, than on the PZT itself. On silicon structures, the optimal coupling coefficients are obtained for a thickness of the passive layers that is somewhat larger than the PZT thickness [78, 79] . This means that one should rather consider the compliance of the substrate than the one of PZT. In analogy with the planar coupling coefficient k p , the following material figure of merit for the coupling factor is therefore considered:
The data given in table 1 show that the texture of the PZT thin films is quite important for the piezoelectric properties. PZT(100) films yield much superior properties as compared to the (111)-textured films and approach those of optimized, i.e. doped, PZT ceramics. In fact, PZT(100) films yield better results than the undoped PZT as published by Berlincourt et al Figure 13 . The calculated coupling factor and resonance frequency, as a function of silicon thickness, for a round disk of silicon covered by a layer stack, including 1 µm of PZT (e 31,f = 6 C m −2 ), as discussed in the text (the calculations base on the analytical model given in [8] ). The calculations are shown for a stress-free and a tensile stressed layer stack.
in 1960 [80] , which yield a e 31,f of −9.6 C m −2 . The same table also shows the values for the frequently used ZnO and the semiconductor compatible AlN. Replacement of these materials by the optimized PZT thin film allows a gain of factor 12 in force, and factor two in coupling coefficient k
In thin-film structures, the coupling coefficient not only depends on the material parameters, but film stresses also play a role. Film stresses are hardly avoidable. In spite of efforts to reduce or to compensate for such stresses, there will be a residual value between 10-100 MPa. Such stresses give a pre-strain, or a pre-curvature to micromechanical structures. Poling of PZT thin films may lead to a change of the residual stress in PZT thin films. In some cases, this stress has to be taken into account in the design phase of the device. In very thin membranes, tensile stresses increase the resonance frequency and reduce the coupling coefficient, as illustrated in figure 13 for a PZT/Si 3 N 4 /SiO 2 /Si structure. In this case, the stress of the 200 nm thick nitride was compensated for by the stress of the 650 nm thick SiO 2 (originally used for pyroelectric detectors [72] ). In thin-film diaphragms subjected to tensile stress, a transition from disk behavior (resonance frequencies depend on the rigidity of the plate) to membrane behavior (resonance frequencies depend on the stretching forces) is observed when thinning down the diaphragm [68] .
Operation of piezo-electric thin films, poling, and reliability issues
PZT bulk ceramics and PZT thin films differ in two major properties: thin films exhibit much higher coercive fields (typically 50-100 kV cm −1 ) and higher breakdown voltages (200-400 kV cm −1 ). It is therefore possible to drive thin-film actuators with higher fields in order to compensate partially for the smaller thickness. Depolarization takes place when the operation field is too large compared to the coercive field. A dc field superimposed on the ac field helps in this case to maintain a good polarization. This is well seen in figure 6 , where the motor speed is very much increased by a bias of only 2 V. Operation with unipolar fields (as, e.g., E(1 + sin ωt)) yield stable operating performance and also proved to be applicable during longer tests (100 h, see [65, 86] ). For some applications, such a dc bias might be an undesirable technical complication. In such cases it is favorable to select a Ti-rich PZT composition with a larger coercive field.
When choosing Ti-rich compositions, poling becomes an issue for piezoelectric as well as pyroelectric applications [87, 88] . The very Ti-rich films require hot poling. Films nearer to the morphotropic phase boundary may be poled also with UV-light assistance [89] . Poling is not yet understood in its whole complexity. It is related to a phenomenon that is presently intensively studied for memory applications: imprint. Charge injection, defect dipole alignment, and defect migration are involved in building-up internal fields.
A further important point of performance is stability during operation and with time. Depolarization (fatigue) may occur and, if integration is not mastered, delamination of the PZT film or the electrodes may occur. From an industrial point of view, the evaluation of ageing and fatigue is certainly an important task. However, only a few studies have been reported so far. The motor described above was subjected to a test lasting 100 h with a unipolar ac field of 20 kHz. Apart of a slight increase of the revolution speed, no deterioration was observed [86] . The same test was performed with a stator alone while measuring the vibration amplitude. A 5-10% decrease of the amplitude was observed [86] . Most likely this was due to depolarization. Some of the deposition methods yield films exhibiting an internal field that gives preference for one direction of polarization. When the film is poled in this preferential direction, the piezoelectric properties are more stable with time than when poled on the opposite direction [90] . With unipolar operation, or operation below the switching threshold, three different processes can be identified in fatiguing. The first is depolarization by 180
• domain back switching; which should be completely reversible and avoidable with a superimposed dc field. The second mechanism is based on elastic domains such as 90
• domains. The walls of such domains may migrate in order to reduce the mechanical stresses built up during poling. This process might also affect polarization, but should be mainly reversible. The third category includes irreversible phenomena such as delamination and cracking. On search of delamination-which was not found-the second type of processes was recently evidenced by high-resolution x-ray diffraction of the silicon interface region of a Si(100) cantilever coated with PZT/Pt/TiO 2 /SiO 2 . After poling the PZT thin film, a broadening of the Si(400) reflection was found. This broadening disappeared during a fatigue test with a unipolar ac field of 100 kV cm −1 at 1.2 kHz and 1 day duration. The piezoelectric coefficient, however, did not decrease. This is explained by stress relaxation due to mechanical or electrical ac excitation [91] .
Summary and conclusions
The growth of good quality PZT thin films still needs some effort. Yet, there is much more experience available than five years ago. Reproducible film quality is certainly possible if an industrial approach is adopted. The electrodes below the PZT thin film play a very important role for seeding the correct phase and the film texture. Without reproducible electrode quality, no reproducible PZT quality is achieved. Good piezoelectric properties have only been obtained for deposition temperatures higher than 550-600
• C. In principle, these temperatures can be well handled. However, they are problematic if direct integration of PZT thin films onto integrated circuits is the goal. The crucial problem lies in the aluminum metallization that hardly survives the 500
• C post-processing temperatures. The aluminum metallization step thus has to be performed after PZT deposition. However, this increases the number of process steps, and thus costs, after standard CMOS processing. In the case of pyroelectric applications, the quality of low-temperature grown films is more acceptable, as there is no domain wall contribution for pyroelectricity. Recently it was reported that a pyroelectric array was successfully integrated by back-end processing at 500
• C onto a completed CMOS read-out integrated circuit [13] . It is too early to give a final statement on the piezoelectric properties of PZT thin films. According to table 1, one might say that we have arrived at 80% of the theoretical values of e 31,f . Better values may still be achieved. One problem of judging piezoelectric performance is the fact that we do not know exactly how to derive thin-film properties from known bulk ceramic properties. Microstructural differences, defects due to lower growth temperature, and interface effects at the electrode certainly play a role. Lattice and domain wall contributions need to be considered differently. Single crystal values for PZT are not available. The theoretical understanding is restricted to simpler systems, such as epitaxial {100}-oriented PbTiO 3 . If there would be lattice contributions only, in bulk as well as in thin films, the thin-film values could simply be calculated as in the case of the non-ferroelectric AlN, where the values predicted from single crystal data correspond well with the experimental values for correctly textured thin films. The domain wall contributions in ferroelectrics, however, are very much influenced by film texture, by grain size [92, 93] , and by defects. Clamping of specially oriented grains may change domain configuration, and may even impose other symmetries [94] . For a final statement, there is also not enough experience with doping of PZT thin films. In bulk ceramics, piezoelectric properties can be very much improved through doping. The question is open whether this also works with thin films. Another field where experience is still missing is that of thin films of relaxor-type ferroelectrics such as Pb(Mg 1/3 Nb 2/3 )O 3 . These substances show strong electrostrictive coefficients due to large dielectric constants. With the application of a dc field of 150 kV cm −1 , an equivalent d 33,f of 60 pm V −1 was obtained from the smallsignal ac response [95] . Although this is inferior to the values achieved with PZT thin films (100-120 pm V −1 ), as a first result it is promising. Relaxor materials have the advantage that they do not exhibit hysteresis phenomena. This allows a better linearity of positioning systems in microand nanotechnology.
The overall estimation of performance is best seen in device applications. In actuators, piezoelectricity competes with other principles such as the application of electrostatic forces. The comparison of the above micromotor with an electrostatic motor reveals the advantages and disadvantages of PZT thin-film driven ultrasonic actuators. A millimetersized electrostatic wobble micromotor has recently been described in the literature [96] . Similar maximal torques were obtained with both motors (0.1-1 µN m) . However, the ultrasonic motor needed about 30 times less voltage for the same torque. The electrostatic motor does not support any normal force-the torque is reduced to zero at 0.6 m N-whereas the ultrasonic motor increases output force with increasing normal load (up to, probably, 10 mN). The ultrasonic motor is thus more easily connected to a gear. The speed-per-voltage ratio is about the same for both motors. The ultrasonic motor can be run at lower speeds (60 rpm), the electrostatic motor runs faster (4000 rpm). The main advantage of electrostatic motors seems to be the excellent efficiency of the motor. In open-loop operation, 80% of the consumed power is transformed to mechanical energy of the rotor. With ultrasonic motors, this is much more difficult to achieve. While electrostatic micromotors need high voltages and low currents, PZT thin-film ultrasonic micromotors need low voltages and high currents. The dielectric loss of the PZT thin films (3-5%) was found to be a major reason for power dissipation. The friction mechanism applied for the transfer between the stator and the rotor is also too dissipative, since 80% of the stator energy is lost. The latter was too small in relation to the reactive power in the capacitor. The clamping of the membrane at its borders greatly reduces the coupling factor. Calculations show that a free membrane, fixed in the center, would have a five times higher coupling coefficient k 2 . The first improvement of this motor would consist in integrating the new (100) films, allowing for a quadruplication of speed and power at a given voltage. Whereas this would lead to an excellent torque-pervoltage performance, the power consumption problem would still remain. In order to reduce power dissipation, it is also necessary to improve the vibrator structure, and the transfer to the rotor. The more suited applications for PZT thin films are probably those without frictional interaction, such as linear actuators based on cantilevers as used in scanning probe techniques. PZT-laminated cantilevers can be excited to resonance and allow sensing of topography and forces [97] .
As to pyroelectric applications, important demonstrators have been achieved with PZT thin films. PZT is currently being replaced by better pyroelectric materials of the same family, such as Ca-and La-substituted PbTiO 3 . The matter is not only to increase the pyroelectric coefficient, but also to decrease the dielectric constant [98] . Both of these will enable the increase of detectivity by a factor three to six with respect to today's PZT versions.
In conclusion, PZT thin-film solutions in micromechanical sensors and actuators are very competitive when current signal and force or power outputs are demanded. When voltage signal, intrinsic signal-to-noise ratio, or power efficiency is an issue, the non-ferroelectric AlN is a competitive material. The reduction of the dielectric losses of PZT is desirable. The example of the ultrasonic motor shows that improvements in the design are also important in order to adapt to the reduced geometrical possibilities with micromachined structures. Although pyroelectric IR detectors with PZT meet many of the present specifications, PZT will be replaced by more sensitive materials.
